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Abstract 
The concept of ‘unburnable carbon’ emerged in 2011, and stems from the observation that if all known fossil fuel 
reserves are extracted and converted to CO2 (unabated), it would exceed the carbon budget and have a very significant 
effect on the climate. Therefore, if global warming is to be limited to the COP21 target, some of the known fossil fuel 
reserves should remain unburnt.  
Several recent reports have highlighted the scale of the challenge, drawing on scenarios of climate change 
mitigation and their implications for the projected consumption of fossil fuels. Carbon Capture and Storage (CCS) is 
a critical and available mitigation opportunity and its contribution to timely and cost-effective decarbonisation of the 
energy system is widely recognised. However, while some studies have considered the role of CCS in enabling access 
to more fossil fuels, no detailed analysis on this issue has been undertaken.  
This paper presents a critical review focusing on the technologies that can be applied to enable access to, or ‘unlock’, 
fossil fuel reserves in a way that will meet climate targets and mitigate climate change. It also quantifies the impact of 
CCS in unlocking unburnable carbon in the first and in the second half of the century.  
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1. Introduction 
The concept of ‘unburnable carbon’ points out that known fossil fuel reserves cannot all be converted to CO2 that 
is emitted to the atmosphere (i.e. burned or otherwise) if the world is to avoid dangerous climate change. In most 
studies, this dangerous level is deemed to be a reasonable chance of peak global average surface temperature rise of 
more than 2°C.  
A number of recent reports have been published on the unburnable carbon topic, though it is by no means a new 
issue, with analysis available from as early as the 1990s. With a few notable exceptions the analysis on unburnable 
carbon exists in the grey literature, produced by banks, consultancies, insurers, think tanks and non-governmental 
organisations. Academic research underpinning the insights is also available in specific areas, but few studies exist 
that span the topic. Limited evidence exists on likely outcomes with respect to fossil fuel utilisation, where the use of 
abatement technology such as carbon capture and storage might unlock fossil fuel reserves. 
A key resource in unburnable carbon assessments are global Integrated Assessment Models (IAMs), which are used 
to produce scenarios of energy system transition to a low carbon world, thereby providing estimates of the future use 
of fossil fuels that is consistent with climate change mitigation.  
This paper reviews the evidence on the potential role of CCS technology in unlocking fossil fuel assets that would 
otherwise be stranded in a world where CO2 emissions are severely constrained. The paper introduces the evidence on 
the broad issue including the climate science, specifics of fossil fuel reserves and resources, leading to quantification 
of unabated burnable carbon. It then presents a review of a multi-model IAM comparison study that considered carbon 
capture and storage in relation to the unburnable carbon concept, including their results, methodologies and 
assumptions where available. Finally, a deep dive on the quantification of global storage capacity is undertaken. This 
leads to conclusions and recommendations on the treatment of these aspects of CCS in unburnable carbon assessments 
in future. 
2. Background 
2.1. The global greenhouse gas budget 
It is unequivocal that climate change is influencing the planet, with a range of effects already observable [1]. It is 
also extremely likely that this is caused by emissions of greenhouse gases ensuing from human activities, either directly 
(e.g. fossil fuel combustion, cement production) or indirectly (e.g. deforestation). On the mitigation side, this has led 
to the concept that the world has a constrained greenhouse gas emissions budget; a cumulative emissions limit which 
if breached is likely to lead to a global mean surface temperature rise of more than 2°C [2]. 
A range of studies have attempted to quantify the global greenhouse gas emissions budget for the 2°C (and other) 
scenarios. Resources for estimation of carbon budgets include the Potsdam Institute for Climate Impact Research [2], 
the University of Oxford [3], the IPCC Fifth Assessment Report (AR5) and the contribution given by the Working 
Group I [4] and III [5]. Those who have received most attentions are Meinshausen, et al. [2] for the budget until 2050 
and Allen, et al. [3] for the budget until 2100. According to Meinshausen, et al. [2], the probability of exceeding 2°C 
can be limited to below 25% (50%) by keeping 2000–49 cumulative CO2 emissions from fossil sources and land use 
change to below 1000 (1440) GtCO2. Allen, et al. [3] estimates that if total emissions between 1750 and 2500 are 3670 
GtCO2, then the most likely peak warming will be 2°C. However, half of the emissions have already been released to 
the atmosphere since 1750. Therefore this would mean a carbon budget of about 1835 GtCO2 in 2009, when the paper 
was published. 
There are many sources of uncertainty in greenhouse gas budgets, including level of climate sensitivity, carbon 
cycle feedbacks, aerosol emissions scenarios and unmodelled processes, and no single author claims to be able to 
predict climate change precisely. Climate science is a rich and active area of research and as such estimates of the 
global carbon budget are likely to be refined over time. Over the period 2002 to 2011 the global fossil fuel, cement 
and land use change CO2 emissions were approximately 34 GtCO2 [6] per year. Therefore the global carbon budget 
for temperature rise to remain below 2°C is likely to be exhausted before 2050 unless action is taken quickly. 
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2.2. Fossil fuel reserves 
In order to evaluate the amount of unburnable fossil fuel reserves in a low carbon scenario, the next step is to 
evaluate the overall potential carbon emissions within these reserves, and compare this with the global carbon budget. 
The exact quantity of reserves is a contentious subject, as it depends on prevailing commodity price, prices for asset 
developments, and many other factors. The methodology of determination of fossil fuel reserves is a contested subject. 
One of the first attempts to classify resources and reserves is represented by the McKelvey box, which classifies 
resources as undiscovered, discovered and economic (i.e. reserves) and discovered sub-economic (i.e. resources) [7]. 
Since 1972, various nomenclatures have been proposed and adopted and the most common ones include Petroleum 
Reserves Management System (PRMS) of the Society of Petroleum Engineers (SPE), US Security and Exchange 
Commission (SEC), United States Geological Survey (USGS), Norwegian Petroleum Directorate (NPD) and Russian 
Ministry of Natural Resources (RF) [8]. SPE [9] is currently the most widely used oil and gas industry reference, 
whilst companies listed on the New York Stock Exchange generally use the US Security and Exchange Commission 
as a reference. 
The PRMS of the Society of Petroleum Engineers defines proved reserves as those resources that meet all the 
technical requirements for commercialisation and have 90% probability of being recovered [10]. Probable and possible 
reserves have respectively 50% and 10% probability of being recovered [8]. Proved reserves are also called 1P, while 
proved plus probable are called 2P and proved plus probable plus possible are called 3P [10]. 
A large range of estimates exist in the literature. The extent of reserves has been reviewed by Meinshausen et al. 
[2], who state that the mid-estimate from the literature could produce 2,800 Gt of CO2 emissions in a scenario of 
unabated combustion, with an 80% uncertainty range of 2,541 to 3,089 GtCO2. Reserve estimates have also been 
reported by McCollum, et al. [11], which summarised conventional and unconventional fuel estimates. This reported 
a lower estimate of 3683 GtCO2, which corresponds reasonably to that reported by McGlade and Ekins [12] (3613 
GtCO2). McCollum also presented an upper estimate of 7118 GtCO2. 
2.3. Unburnable carbon 
Unburnable carbon has been recently investigated by the Carbon Tracker Initiative [13] and later by other 
institutions such as the International Energy Agency [14] and the Environmental Audit Committee of the UK 
Government [15] and banking and other organisations such as HSBC [16-19]. According to most sources, unburnable 
carbon is between 49% and 80% of overall reserves [2, 12, 13, 20, 21]. 
3. Can CCS unlock unburnable carbon? 
3.1. The status of CCS 
Given that CCS is a technology that prevents the emission of CO2 to the atmosphere, it follows that its application 
could enable more fossil fuels to be utilised in carbon-constrained scenarios. 
According to the Global CCS Institute [22], there are currently 55 large-scale CCS projects worldwide in either 
‘identify’, ‘evaluate’, ‘define’, ‘execute’ or ‘operate’ stage. Nineteen of these projects are based in United States, 
followed by China (12 projects) and Europe (8 projects). Ten of the thirteen operating projects are based in US [23] 
and all of these are part of industrial applications where CO2 separation is already employed for other purposes. 
3.2. CCS development limitations 
A primary point of interest when considering the potential of CCS as seen by IAMs is in understanding what factors 
in the models are limiting its uptake. Various sources have reported on this, with the main limitations including cost 
and energy penalty of CCS plants, and location and capacity of storage sites. 
According to Clark and Herzog [24], the major barrier to CCS in the power industry is the high capital cost and 
energy penalty compared to traditional fossil fuel fired generators. As an example, the efficiency penalty of CCS for 
coal-fired power generation is about 10% [25]. The electricity output penalty is a function of the underlying efficiency 
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of the base power plant, the carbon intensity of the fuel used and the thermodynamic efficiency of CO2 capture 
technology employed, be it pre-, post- or oxy-combustion technology. 
According to Hammond, et al. [26], the energy penalty of a pulverised–coal power plant is about 16% and it is 
higher than the energy penalty associated with integrated gasification combined cycle (about 9%) and natural gas 
combined cycle plants (about 7%) when combined with carbon capture and storage. 
Moreover new power plant station should be CCS-ready for the future and this would require a suitable space for 
the construction of the CCS unit, reasonable proximity to a storage site and local water in sufficient quantities [27]. 
The main factors determining the global scale feasibility for storing CO2 as a method for climate management 
include cumulative capacity of carbon storage, rates of release and uptake, connection from source to store and climate 
impact of storage timescale [28]. The quantification of the cumulative storage capacity for CO2 was identified as one 
of the major challenges to the future development of CCS. A recent report by IEAGHG [29] has drawn some important 
conclusions regarding geo-storage capacity for carbon dioxide and reservoir pressurisation in saline aquifers. The 
report has tested and confirmed the assumption that global CO2 geo-storage capacity is much larger than the CO2 
embodied in present-day fossil fuel reserves. The global capacity is reported in the range of 10,000 – 30,000 GtCO2 
including 1,000 Gt in depleted oil and gas reservoirs. This is well above the extent of known fossil fuel reserves, by 
approximately one order of magnitude. These assessments compile regional estimates of capacity which as a rule 
calculate capacity as a fraction of the total volume of the pore space in the geologic formation, the volumetric approach. 
IEAGHG [29] has also concluded that reservoir pressurisation in saline aquifers will limit the accessible CO2 geo-
storage capacity in the absence of pressure management strategies. Recent work using detailed reservoir simulation 
and other modelling approaches has found that only 0.01 – 1% of the pore volume of saline aquifers will be available 
for storage, in the absence of brine production from the reservoir. This is due to the requirement that pressures in the 
reservoir remain below that which would fracture sealing caprock. The exact fraction of available pore space has 
complex dependencies on reservoir, rock, and fluid properties and is only reasonably estimated using dynamic 
modelling. Dynamic models provide time-varying resource estimates and provide the most realistic estimates of a true 
storage capacity. Currently, only one such dynamic estimate has been made for an entire region – the US, by 
Szulczewski, et al. [30]. However, due to storage capacity in oil and gas fields, and high quality saline aquifer 
reservoirs, the impact of this issue is not likely to be felt until after the first generation of CCS plants have been 
deployed (i.e. post 2050). 
3.3. Selected recent analyses of CCS and unburnable carbon 
The role of CCS in future energy scenarios has been analysed by various authors. In this paper, we focus on three 
sources that have explicitly investigated CCS in the context of unburnable carbon in their projections, which include 
Carbon Tracker Initiative, the UCL Institute for Sustainable Resources and the Intergovernmental Panel on Climate 
Change. 
Carbon Tracker Initiative [13] referred to the carbon budget estimated by Meinshausen, et al. [2] (565 GtCO2 by 
2050) and estimated the total known fossil fuels reserves to be equal to 2795 GtCO2, composed by 65% coal, 22% oil 
and 13% gas. Carbon Tracker Initiative concluded that because the carbon content of the known reserves is almost 
five times higher than the carbon budget, then 80% of fossil fuel reserves will be “unburnable”. In a second report on 
the topic [21], the carbon budget is higher (900 GtCO2 for an 80% probability to stay below 2°C and 1075 GtCO2 for 
a 50% probability) as greater reductions in non-CO2 emissions (e.g. methane and nitrous oxide) have been assumed. 
According to Carbon Tracker Initiative, with full investment in CCS, this technology would extend the carbon budget 
for the 2°C scenario by 12-14%. These results have been confirmed in a more recent report [31]. 
The UCL Institute for Sustainable Resources released two publications focussing on unburnable carbon. While the 
first paper focused on oil only [32], the second paper considered all types of fuels and their geographical distribution 
[12]. The first UCL publication on the topic of unburnable carbon [32] focused on the volumes of oil that cannot be 
used up to 2035. The results estimate that 500 (with widely adopted CCS) to 600 (without CCS) billion barrels (Gb) 
of current 2P reserves should not be burnt. The second UCL publication on the topic of unburnable carbon [12] 
considers all fuels and their geographical location. The results report that CCS enables use of 1% more oil, 3% more 
gas and 7% more coal by 2050. According to McGlade and Ekins [12], CCS has the largest effect of any technology 
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on cumulative fossil fuel production levels. However its effect before 2050 is modest because of its cost, late 
introduction and maximum rate of construction. 
Finally, the International Panel on Climate Change (IPCC), as part of the Fifth Assessment Report, made an open 
call to collect energy projections coming from various integrated assessment models. A detailed analysis on the 
scenarios included in AR5 Database as part of the EMF27 project is presented in sections 3.5 and 3.6. 
3.4. Integrated Assessment Models 
In this context integrated assessment models are models that depict scenarios of global change related to climate 
change. They are inherently multi-disciplinary, incorporating climate science, engineering and economics as a 
minimum. They are global in geographical scope, incorporate the century-long time horizons relevant to climate 
change, and cover all sectors of the economy and land use. This very broad scope is required to adequately assess 
potential responses to the threat of climate change, allowing modellers to capture the key interrelationship in complex 
systems of energy production, climate, and economics. IAMs are naturally predisposed to analyses on unburnable 
carbon, given their coverage of technology options, economics and climate. 
As the energy sector is the primary source of CO2 emissions, several studies have used IAMs to estimate how the 
current energy system may evolve in order to be compatible with climate change objectives. Most of them suggest that 
CCS will be crucial to meet the 2°C limit cost-effectively [23]. In most of the integrated modelling scenarios which 
are part of the IPCC Fifth Assessment Report Database, decarbonisation happens first in electricity generation, 
followed by industry, buildings, and transport [33]. 
In this context, the importance of CCS is evident. This technology is applicable to power generation (and upstream 
and downstream industry) and could enable countries to continue to include fossil fuels in their energy mix [34] and 
therefore can unlock assets that would otherwise be stranded [24, 35]. 
Carbon removal technologies include carbon positive, near neutral and negative technologies [36]. CCS is carbon 
positive when e.g. applied to processes that produce product containing fuel while is carbon negative when e.g. applied 
to plant producing carbon free products such as electricity, hydrogen or heat. CCS can be combined with Negative 
Emission Technologies (NET) in order to generate negative emissions. NETs include afforestation, agricultural soil 
carbon storage, biochar, bioenergy with carbon capture and storage (BECCS), direct air capture, ocean liming, 
enhanced weathering, and ocean fertilisation. The technical potential of NET has been estimated to be 120 GtCO2 until 
2050. This amount of CO2 represents an extension of the 2050 carbon budget by 11-13% for a 50-80% probability to 
remain below 2°C temperature increase [37]. Estimations of NET potential until 2100 are affected by great 
uncertainties, especially regarding availability and accessibility of geological storage, and are therefore difficult to 
estimate. 
BECCS technologies are part of NET and combine biomass with CCS, for processes in the bio-refining sector, 
biofuel sector, power and heat sector and in industrial processes for the cement, steel and paper sector. Future 
projections of BECCS potential estimate negative greenhouse gas emissions up to 10.4 GtCO2eq/yr by 2050 [38]. 
These results come from Biomass Integrated Gasification Combined Cycle (BIGCC) and Circulating Fluidised Bed 
(CFB) combined with CCS, while other technologies result in lower negative emission potentials.  
3.5. Review of a model comparison exercise: EMF27 
3.5.1. Description of the project and models involved 
The Scenario Database of the IPCC Fifth Assessment Report includes 31 models and 1184 scenarios [39]. The 
majority of the scenarios were provided via model inter-comparison exercises, which include the Energy Modelling 
Forum 22 (EMF22) and the Energy Modelling Forum 27 (EMF27). The Energy Modelling Forum is one of the first 
major model comparison efforts, builds on previous model inter-comparison exercises and compares 18 integrated 
assessment models [40]. One of the main purposes of EMF27 is to analyse the role of technology for achieving climate 
policy objectives. 
The analysis presented here includes all the models that were part of EMF27 and have been employed for generating 
the scenarios included in the AR5 database. The scenarios are characterised by climate mitigation target, technological 
availability and timeframe covered. 
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The climate mitigation scenarios include a baseline scenario, where future policies dedicated to climate change 
mitigation are not pursued, and climate mitigation scenarios. This paper focuses on the mitigation scenario “450 ppm” 
aiming to reach atmospheric greenhouse gases concentration at levels of 450 ppm CO2eq by 2100 [41]. 
The technology scenarios include a series of options from the availability of a full portfolio of technologies to 
specific technologies limitation to reliance on conventional fossil fuel technologies only. In this paper, three 
technology scenarios have been selected in order to analyse the role of CCS [42], including the full technology scenario 
(“Fulltech”), the conventional solutions scenario (“Conv”) and the scenario without CCS (“noCCS”). The full 
technology scenario has a full portfolio of technologies which may scale up in the future in order to meet the climate 
targets. In the conventional solution scenario solar, wind and biomass potentials are limited and therefore energy 
demand is met by means of conventional technologies based on fossil fuel deployment in combination with CCS 
and/or nuclear. Finally in the scenario without CCS carbon capture and storage never becomes available [42]. 
Both Kriegler, et al. [40] and Krey, et al. [43] reported that most of the models were not able to run the noCCS 
scenario under the climate mitigation scenario 450 ppm. The availability or otherwise of CCS has the strongest impact 
on carbon prices [44] and on the variation of mitigation costs [40, 42]. 
3.5.2. Review of CCS modelling in EM27 
As part of the EMF27 project, Koelbl, et al. [45] looked at the way CCS was characterised in each model, in order 
to relate model results to model assumptions. The authors identified some factors as mainly affecting the large variation 
in the model results [45], including fuel prices, baseline emissions, type of model, modelling technology change and 
CCS modelling. However, none of the model assumptions could clearly be associated with the amount of CO2 
captured. Therefore the authors suggested that further research is needed in order to investigate the impact of CCS 
modelling parameters on the simulation outcomes. 
Most of the CCS modelling assumptions refer to the storage of CO2. The assumptions on the availability of CCS 
include nowadays (4 models), 2020 (7 models) and 2030 (1 model). Half of the models assume unlimited storage 
capacity while most of them do not include a limit to the maximum storage rate. Therefore this means that most of the 
models are not including limitation to both storage rate and capacity. The number of storage types varies from 1 to 11, 
where only one model includes all the types of storage sites (on and offshore enhanced oil recovery, depleted gas, 
undepleted gas, depleted oil, as well as enhanced coal bed methane onshore, and two types of aquifers). 
Among the sixty-four references listed in the AR5 database webpage, eleven explicitly refer to cost or economic 
evaluations of CCS technology performed by means of integrated assessment models. Most of these papers include 
emission prices and global aggregate mitigation costs rather than capture or storage prices. Only one reference reports 
the marginal abatement cost of CCS [46]. 
3.6. Overview of unburnable carbon and CCS in EMF27 results 
3.6.1. Emissions and capture of carbon dioxide 
Figure 1 reports the emissions of the three selected technology scenarios (Fulltech, Conv, noCCS) for a 450 ppm 
CO2 equivalent atmospheric concentration until 2100. 
As expected, all of these scenarios have approximately the same cumulative emissions of CO2, as they all reach the 
same atmospheric concentration over the time period. The shapes of the profiles are slightly different, reflecting the 
impact of technology options and constraints on the abatement pathway chosen by the models. 
Figure 2 reports the projections for the captured CO2 over the timeframe 2005-2100. As expected, the noCCS 
scenario does not capture any CO2 emissions in any scenario. Both Conv and Fulltech reach very significant levels of 
capture and storage by both 2050 and 2100, and in virtually all scenarios the rate of capture is still increasing at the 
end of the time horizon in 2100. 
There are some counter-intuitive results in Figure 2. On comparison of the Conv and Fulltech scenarios, it is 
apparent that Conv utilises CCS less than Fulltech, which is unexpected because Conv has more constrained access to 
the alternatives to CCS for decarbonisation.  The data provided from EMF27  studies  is  not sufficient to  pinpoint the  
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Figure 1. Average global emissions of CO2 (GtCO2/yr) across EMF27 models 
 
Figure 2. Average capture of CO2 (GtCO2/yr) across EMF27 models 
cause of these results, but two possibilities are put forward. The first possibility is that bioenergy resource is 
constrained and therefore this may limit the potential for BECCS approaches delivering negative emissions. The 
second possibility is that the capture efficiency may lead to sufficient emissions being released to make fossil fuelled 
CCS an unattractive option. 
3.6.2. Fossil fuel consumption with and without CCS 
Figure 3 reports the fossil fuel usage for the three technology scenarios for all fossil fuels. The figure reports the 
average value of all the models analysed, however the conducted analysis has shown a large variation of model results. 
This variation increases for the timeframe 2005-2100, highlighting the increased uncertainty that characterises the 
model  outputs  after 2050. The   figure shows that the  utilisation of fossil  fuel drops in all  scenarios,  indicating the  
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Figure 3. Total primary energy from fossil fuel use (EJ/yr) for the three technology scenarios across the EMF27 models. 
Table 1. Cumulative fossil fuel consumption in the timeframes 2005-2050 and 2005-2100. Results reported in GtCO2, EJ and % of reserves. 
Reserves ‘low’ estimate from McCollum et al. (2014). “woCCS” scenario corresponds to the noCCS scenario while “wCCS” scenario 
corresponds to the Fulltech scenario. 
 GtCO2 EJ % of reserves 
Timeframe woCCS wCCS woCCS wCCS woCCS wCCS 
2005-2050 953 1,347 13,166 18,356 26% 37% 
2005-2100 1,208 2,380 16,823 32,376 33% 65% 
 
challenges faced by these energy forms over coming decades and competition from renewable sources of energy under 
climate   change mitigation   scenarios. This is  in  contrast with  what  has  been reported  by IEA [47] and also  by 
BHP Billiton [48], who still forecast a growing fossil fuel demand in the future. However, the range of outcomes (not 
reported in the paper) for consumption of fossil fuels is large, with some models indicating a stabilisation or increase 
of fossil use in the Conv and Fulltech scenarios. The range of outcomes from the models for the noCCS case are much 
tighter towards the end of the time horizon, and fossil fuel use drops rapidly to very low levels late in the century. 
From this it is possible to conclude that CCS is extremely important for the continued use of fossil fuels in the medium 
to long term, with the technology having significant impact on usage from 2030 onwards. 
Table 1 summarises the average cumulative consumption of fossil fuels over two timeframes (2005-2050 and 2005-
2100) observed across the models. Clearly CCS has a very significant impact on consumption post 2050, enabling 
65% of reserves to be used instead of 33% on the scenario without CCS. 
3.7. Discussion 
While the results presented above clearly point to the importance of CCS in underpinning the role of fossil fuels in 
future low carbon energy systems, they still leave a significant question unanswered: why CCS is not adopted in greater 
quantities. The results reported by Akimoto, et al. [46] suggest that the marginal cost of CCS across the entire possible 
range of fossil fuel reserves (i.e. up to ~4000GtCO2) is less than US$100/tCO2. However, as shown in Figure 4, the 
marginal cost of abatement produced in the Conv scenario is well above this value, indicating that the model would 
adopt the technology at the maximum possible rate if it were able to do so. 
 
0
100
200
300
400
500
2005 2025 2045 2065 2085P
ri
m
ar
y 
en
er
gy
 (
E
J/
yr
)
Years
Primary Energy (2005-2100)
450 ppm scenario
Fulltech Conv noCCS
7512   Sara Budinis et al. /  Energy Procedia  114 ( 2017 )  7504 – 7515 
 
Figure 4. Cost of carbon (CO2) across the EMF27 models. 
The cost of carbon reported in the figure is well above the cost of carbon assumed by the IEA [49] for the 450 ppm 
scenario ($140/tCO2 in most OECD countries in 2040). However it is worth noting that the costs here reported is not 
an assumption of the EMF models but rather an output of the models. 
One possible explanation for this phenomenon is that the rate of uptake of CCS-equipped facilities is limited in the 
models. From what reported by Koelbl, et al. [45] on CCS modelling assumptions we can conclude that CCS uptake 
is not limited by storage capacity or growth thereof. Therefore, another option is a limit on the rate that CCS-enabled 
facilities can be built (e.g. maximum capacity or activity growth rates, maximum new capacity installation by region, 
etc.), or how quickly infrastructure related to CCS can be built. However, the detailed review produced on CCS 
assumptions in the relevant models [45] did not cite any limits on uptake of these technologies, and further personal 
communications with the relevant modellers confirmed that any such limits were likely to be non-binding, particularly 
in later model years. 
This paper hypothesises that the constraint on CCS is therefore not cost related or supply chain related (i.e. build 
rate limited), particularly in later years. The key remaining possibility is that the residual emissions from CCS make 
it an unfavourable option in climate change mitigation scenarios; even these low levels of emissions are sufficiently 
high to conflict with extremely constrained global carbon budgets. This hypothesis is supported by previous works 
produced by UKERC [50] and IEAGHG [51], who both reported a capture rate of 90% for coal based power generation 
with CCS. IEAGHG [51] demonstrated that increasing the capture rate from 90% to 98% would not increase but rather 
reduce (-3%) the cost per tonne of CO2 avoided for oxycombustion and IGCC applications. Capture technology 
developers have so far focussed on 85-90% capture rates however this could not be sufficient with tighter global 
emission limits. The lack of data regarding state of the art capture rates of CCS plants makes the evaluation 
challenging. However testing of the hypothesis will be the subject of further investigation in future research. 
4. Conclusions 
This paper has considered whether carbon capture and storage technology has the potential to enable access to more 
fossil fuel reserves in the future, where these reserves would otherwise be unburnable. It has reviewed the studies that 
have considered CCS in the context of unburnable carbon, analysed the status of CCS, and then studied its impact on 
fossil fuel consumption across a selection of the global climate change mitigation models used in the IPCC Fifth 
Assessment Report. Finally, the paper makes an in-depth study testing the extent of global CO2 geo-storage capacity. 
0
2000
4000
6000
8000
10000
12000
14000
2005 2025 2045 2065 2085
C
os
t (
U
S$
20
05
/tC
O
2)
Years
Cost of carbon (2005-2100)
450 ppm scenario
Fulltech Conv noCCS
 Sara Budinis et al. /  Energy Procedia  114 ( 2017 )  7504 – 7515 7513
There have been a number of recent studies reviewing the unburnable carbon topic. Only a few of these studies has 
explicitly considered the impact of the availability of CCS technology. Those studies that did consider this issue 
explicitly indicated that CCS has a limited impact on the amount of reserves that are burnable. However, none of these 
studies focused on the potential of CCS, or questioned why results indicated a less prominent role for the technology 
than might otherwise be expected.  
In order to fill this gap, an analysis specifically on CCS and unburnable carbon has been undertaken herein. Core 
insights are drawn from the EMF27 multi-model comparison, which produced a set of scenarios of energy system 
change to mitigate climate change. Analysis of results confirm that CCS availability has a large bearing on the extent 
of fossil fuel consumption in climate-constrained scenarios; approximately 200EJ per year more fossil fuel is utilized 
in scenarios with CCS, as opposed to a scenario without the technology. A key difference between this study and 
previous efforts is that the dynamics of CCS uptake were considered herein, with the observation that CCS adoption 
is still ramping up at 2050 (previous studies limited the time horizon of consideration to 2050). 
The extent to which EMF27 modelling assumptions limit CCS uptake has also been reviewed. Based on the 
evidence available with respect to the EMF27 models, there are few limiting assumptions made on the availability of 
CCS. Almost all models reviewed had no capacity or uptake-rate limits for the transport and storage phases of CCS. 
While less evidence was available for the capture phase, it is unlikely that such constraints are preventing uptake 
substantially, particularly later in the time horizon (i.e. 2040 onwards). 
Also, the cost of CCS technology assumed in the models does not appear to be a significant barrier. The key 
observation in this regard is that the capital and operating costs of CCS technology are generally much lower than the 
marginal abatement costs observed in the models. Marginal abatement cost observed in the model corresponds to the 
abatement cost of the most expensive mitigation technology adopted for that time period. These are from hundreds to 
thousands of US$ per tonne across the models, which is substantially higher than the cost of CCS. Therefore, if CCS 
is available (and not unfavourable for other reasons) further adoption should be observed in the models. The only 
plausible explanation that such adoption is not observed is that there is another factor in the models preventing uptake. 
This paper hypothesises that this further factor is the residual emissions from CCS installations, usually modelled as 
approximately 15% of emissions from the source in question. These residual emissions, though small, could be 
significant enough to prevent the technology being adopted further. Testing this hypothesis is outside the scope of this 
work. 
This paper also tested the assumption that global CO2 storage capacity is large. This was found to be true from a 
volumetric standpoint in that the pore space available is sufficient to accommodate CO2 from all fossil fuel reserves 
in virtually any scenario imaginable. However, more recent dynamic studies of geo-storage capacity found that 
reservoir pressurisation could significantly limit storage capacity in some cases. Pressure management strategies are 
needed to alleviate this issue, and the impact of this on costs and deployment requires further assessment. It is important 
to note that this constraint would not be binding in the short to medium term, given that adequate storage capacity is 
available in depleted oil and gas fields, and in higher quality saline aquifers. 
The reported results have highlighted the need for further research relating to the potential impact of technology 
on the extent of unburnable fossil fuels. Key areas for future research topics include the validation of the hypothesis 
that residual emissions are limiting the uptake of CCS in IAMs; further research may be needed in order to increase 
the capture rate of CCS plants to closer to 100%; finally it should be a high priority for any country considering large 
scale deployment of CO2 storage to perform regional dynamic assessments of the CO2 storage resource. It should also 
be a high priority to update CCS components in integrated assessment models with the costs associated with the need 
for brine production to relieve pressure with increased rates of CO2 injection. 
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